High levels of pathogenic microorganisms have been documented previously in waters of the Lower Passaic River in northern New Jersey. The purpose of this study was to characterize the microbial contamination of river sediments near combined sewer overflows (CSOs), a known source of pathogens. Concentrations of fecal coliform, total coliform, fecal Streptococcus, fecal Enterococcus, Pseudomonas aeruginosa, Staphylococcus aureus, Giardia lamblia, and Cryptosporidium parvum organisms were measured in 16 samples from three mudflat locations along the Lower Passaic River, as well as from an upstream location. Selected samples were also analyzed for antibiotic resistance. All of the samples contained high concentrations of total coliform, fecal coliform, fecal Streptococcus, and fecal Enterococcus organisms. Analysis of isolates of Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli from several samples indicated that each strain was resistant to at least one antibiotic typically used in clinical settings. Eight of 16 samples contained Giardia, and one sample contained Cryptosporidium. With these sampling data, a quantitative microbial risk assessment was conducted to evaluate the probability of infection or illness resulting from incidental ingestion of contaminated sediments over a 1-year period. Three potential exposure scenarios were considered: visitor, recreator, and homeless person. Single-event risk was first evaluated for the three individual exposure scenarios; overall risk was then determined over a 1-year period using Monte Carlo techniques to characterize uncertainty. 
The Lower Passaic River is a 17-mile tidal stretch that extends from the Dundee Dam to the mouth of the river where it enters Newark Bay in northern New Jersey. This section of the river, as well as the surrounding area, has been highly urbanized since the 1800s. Centuries of industrial activity have resulted in degraded water quality, sediment contamination, loss of wetlands, and abandoned or underutilized properties along the shore (38) . Recently, numerous efforts to restore the area have been initiated. Most notably, the U.S. Environmental Protection Agency (USEPA) formed a partnership with several other agencies in 2003 to establish the Lower Passaic River Restoration Project; the goals of the Lower Passaic River Restoration Project include remediation of contamination in the river to reduce human health and ecological risks, improvement of water quality, and improvement and creation of the aquatic habitat, as well as reduction of contaminant loading in the Passaic and Hudson-Raritan Estuary (38, 61) . In conjunction with these efforts, concerns have also been raised regarding potential contamination of the river due to pathogens.
In June of 2000, the Passaic Valley Sewerage Commissioners began monitoring levels of indicator bacteria in waters of the Lower Passaic River. In their most recent report (which included samples collected in June 2000 through October 2001), the Passaic Valley Sewerage Commissioners reported that water samples from the Lower Passaic River watershed had an average fecal coliform level of 1,120 CFU/100 ml. This value, derived from sampling data from many locations along different segments of the Lower Passaic River, is well above New Jersey Department of Environmental Protection (NJDEP) surface water quality standards for primary-and secondarycontact recreational usage (200 counts/100 ml and 770 counts/ 100 ml, respectively) (39) . In 2003, the Interstate Environmental Commission measured fecal coliform, total coliform, fecal Streptococcus, and Enterococcus levels on six different days (under both wet and dry conditions) at six locations along the Lower Passaic River. Levels of fecal coliforms and Enterococcus exceeded NJDEP surface water quality standards in 35 of the 36 samples collected (28) .
The areas surrounding the Lower Passaic River are served by combined sewer systems (CSSs), which can introduce pathogenic microorganisms into surface water via the release of untreated or partially treated sewage from combined sewer overflows (CSOs) or from sanitary sewer outfalls (SSOs). In CSSs, storm water runoff and sanitary sewage are transported in the same system. During precipitation events, storm water is discharged directly to surface water bodies through CSOs to prevent exceeding of the publicly owned treatment works treatment capacity. While the combination of storm water and raw sewage in CSOs will dilute to some degree the concentration of pathogens that otherwise would be present in effluent comprised solely of raw sewage, typical CSO concentrations for total coliforms have been reported to range between 10 5 and 10 7 most probable number/100 ml (36) . In several recent studies, levels of Giardia lamblia and Cryptosporidium parvum were measured in CSOs in urban areas during overflow events (6, 51 ; National Risk Management Research Laboratory, USEPA, poster presented at the EPA Science Forum 2003, Washington, DC). A number of viruses, including poliovirus, infectious hepatitis virus, and coxsackie virus, have also been detected in CSOs during overflow events (22, 71) . Currently, there are 73 CSOs that discharge directly into the Lower Passaic River.
In recent years, the USEPA has identified CSOs as a significant source of pathogens and other pollutants and contaminants in surface water bodies and has been actively working to reduce reliance on CSSs (59, 65, 71, 72) . In 1994, USEPA published its CSO control policy, which was intended to establish a consistent national approach for controlling discharges from CSOs through its National Pollutant Discharge Elimination System (23) . Shortly thereafter, USEPA also developed guidelines to facilitate implementation of this policy (59) and estimated that it would cost over $40 billion to control CSOs (71, 72) . USEPA has also initiated enforcement litigation against municipalities across the United States that are alleged to have inadequately controlled CSO or SSO sewage discharges into surface water bodies. Despite the significant costs associated with improving antiquated sewer systems, communities are expected to develop long-term CSO control plans for attaining water quality standards in compliance with the Clean Water Act (65) . For example, New York City, which has over 400 CSO outfalls, plans to spend over $2 billion on a CSO abatement program that will include over 30 citywide projects designed to optimize the operation of the sewer collection system, pumping stations, and treatment plants during wet weather events (35) . Analogous efforts of this scale have been conducted around the United States over the past 10 to 15 years (73) . Recently, the U.S. House of Representatives passed the Water Quality Investment Act of 2007, which authorized the appropriation of $1.8 billion over the 2008 to 2012 period for USEPA to provide grants to municipalities and states to control sewage overflows during wet weather events (55) .
The potential contribution of CSOs to the pathogen load in the Lower Passaic River was addressed in a small-scale risk assessment conducted in 2003 (22) . In this study, surface water samples were collected from a discharging CSO (immediately following a rainstorm), as well as from the river 10 feet downstream of the CSO (referred to as the Saybrook Place CSO, which is located in Newark, NJ). Both samples were found to contain many bacterial species that are associated with human fecal matter (at levels several orders of magnitude greater than water quality standards), as well as Giardia and several viral pathogens. The corresponding risk estimates for gastrointestinal illness were significantly elevated for the exposure scenarios considered: recreator (e.g., swimmer), visitor (e.g., angler or picnicker), and a homeless person living along or otherwise using the shoreline. These specific exposure scenarios were intended to characterize different potential uses of the river. While the exposure scenarios included in this assessment were focused primarily upon direct and/or indirect ingestion of water during a variety of activities (e.g., boating, picnicking, fishing, and swimming), many of these activities would also involve direct contact with sediments as well as the water. As sediments may act as a reservoir for pathogens (16, 18, 40, 45, 46, 48, 80) , it is important that they, too, be evaluated to determine if they pose a potential risk to human health.
To date, the potential health risks associated with exposure to pathogens in sediments have not been well studied. Many of the available studies have focused on risks associated with pathogen exposures in sand at ocean beaches or the Great Lakes (15, 80, 81) . Pathogens present in surface water often migrate or settle into the underlying sediment, where they have an enhanced potential for survival due to lower amounts of light energy, lower salinity, elevated levels of nutrients and organic matter, and lower temperatures (10, 11, 47, 53) . Given that the available data indicate that the Lower Passaic River is contaminated with pathogens (which, in part, is due to CSO discharges) and that pathogens can migrate to and survive in sediment, an accurate human health assessment should consider exposures resulting from contact with sediment in addition to contact with water. The analysis described in this paper uses a quantitative microbial risk assessment approach to (i) characterize the types and levels of pathogens present in river sediments near CSO outfalls along the Lower Passaic River (hazard identification), (ii) develop exposure scenarios and estimate the duration and intensity of exposure to sediment (exposure assessment), (iii) extrapolate dose-response relationships for pathogens in sediment based upon well-established dose-response data for water (dose-response assessment), and (iv) evaluate risk for expected users of the Lower Passaic River in sediment areas that can be accessed by the public (risk characterization).
to the river) of the mudflat and dividing it into five segments. A random location on one end of the mudflat was selected by sampling personnel as the initial sample collection site. Subsequent samples were collected at increasing distances from the initial sample location in the remaining segments of the mudflat (one sample per segment). Rather than using a fixed distance from the shore, sediment samples were collected by taking one or two steps into the mudflat and reaching forward toward the river, similar to what has been observed with respect to persons collecting trash along the shore. Sampling sites at the Saybrook Place mudflat were collected by using a sampling container affixed to a long stick; the sampling personnel collected the sample from the top of a cement barrier that was present along the length of the mudflat. Basking Ridge samples were collected on the sandy and rocky shore of the river near the water/sediment interface.
Sample collection procedures. The procedure used for collection of sediment samples for pathogenic analyses was based upon guidance in the NJDEP Field Sampling Procedures Manual (32) and the NJDEP Guidance for Sediment Quality Evaluations (33) . Sediment was collected directly into the sampling container by scooping along the sediment surface (at a depth no more than 6 in. below the surface). Replicate samples ("a" and "b") were collected at each sampling site: the "a" subsample was collected using a disposable metal trowel and was placed in a 100-ml sterile container provided by the laboratory for bacterial analyses; the "b" subsample was collected using the same disposable metal trowel and was placed in a 250-ml sterile container provided by the laboratory for protozoan analyses. Following collection of the samples, the outside of each sample container was cleaned and the container was sealed in an individual plastic bag, placed in a cooler with ice, and maintained at 1 to 4°C in the dark until analyzed. Handling and shipping of samples were conducted in accordance with U.S. Geological Survey and NJDEP guidance (32, 76, 77) ; bacterial samples were processed within 6 h, while protozoan samples were processed within 96 h.
Sample collection. The mudflat sampling locations were accessible only during low tide. Based on tidal schedules, low tide was predicted to occur in the mid-to late afternoon on 10 and 11 July 2006 (31); accordingly, samples were collected between approximately 1400 and 1700 Eastern Standard Time on each sampling day. The National Climatic Data Center service station at the Newark Liberty International Airport reported average temperatures of 75°F and 82°F on 10 and 11 July, respectively. No rainfall was recorded on these days; however, significant rainfall (1.8 in.) had been reported at the airport on 6 July. On 10 July, samples were collected from the Nairn Avenue (n ϭ 5) and the Saybrook Place (n ϭ 2) locations. The remaining samples were collected on the following afternoon at the Jackson Avenue mudflat (n ϭ 6) and at Basking Ridge (n ϭ 3) (Fig. 1) .
The Nairn Avenue mudflat was easily accessible from a retail store parking lot and is flanked by two CSOs (Fig. 2) . Local residents were observed fishing behind the adjacent retail buildings on the day prior to sampling. The Jackson Street mudflat, also flanked by two CSOs, was accessible from a streetside park area via several highly traveled dirt paths (Fig. 3) . The shoreline was heavily littered with trash and debris, and several homeless individuals were observed by the sampling team in the area during the sampling event. One individual was washing himself in water discharging into the mudflat from a large concrete pipe (later identified as the Mott Street storm sewer), while another was later seen washing in and sipping the discharge from the same pipe. The Saybrook Place mudflat differed somewhat from the Nairn and Jackson mudflats in that it was triangular; one side ran along the river whereas the other two sides were flanked by large concrete structures approximately 10 feet in height (Fig. 4) Laboratory analyses. In accordance with U.S. Geological Survey guidance, bacterial analyses were conducted within 6 h of collection, and protozoan analyses were conducted within 96 h. Bacterial analyses were conducted by EMSL Analytical in Westmont, NJ, using standard analytical methods for the following bacteria: total coliforms, fecal coliforms, Escherichia coli, fecal Streptococcus spp., Enterococcus spp., Pseudomonas aeruginosa, and Staphylococcus aureus ( Table 1 ). In two samples (collected at the Nairn and Jackson locations), isolates of fecal Streptococcus spp., Pseudomonas aeruginosa, and Enterococcus spp. were tested further for antibiotic resistance using the Kirby-Bauer method. Each isolate was subjected to four antibiotics that typically are used in clinical treatment of infections caused by each organism. Protozoan (Giardia and Cryptosporidium) analyses were conducted by Analytical Services, Inc., in Williston, VT, using USEPA method 1623.
Risk assessment. A risk assessment was conducted to evaluate the potential human health risks associated with exposure to pathogens in the sediment of the Lower Passaic River. Three exposure scenarios were evaluated: (i) recreator, (ii) visitor, and (iii) homeless person. These exposure scenarios reflect reasonably expected uses of this water body based upon the designated uses of the river and upon the observations of the sampling team. (The NJDEP has previously identified the entire Lower Passaic River as a possible recreational water body, labeling several areas of the river as having potential for primary-contact recreation, while secondary-contact recreation is likely in other areas of the river [34] .) These scenarios are also consistent with the scenarios utilized in the USEPA's recent human and ecological risk assessment for the Lower Passaic River (7).
The current risk assessment is based upon dose-response relationships in which risk is expressed as the probability of infection or illness resulting from multiple exposures to the contaminated sediments over a 1-year period. Specifically, single-event risk was first evaluated for three individual exposure scenarios; overall risk was then determined over a 1-year period, with the assumption that a recreator, visitor, or homeless person would have multiple exposure events over the year. Site-specific reference values were not available to characterize the exposure frequency or the sediment ingestion rates; as such, these parameters were based on a distribution drawn from a survey of values previously utilized in regulatory assessments and other peer-reviewed literature (Table 2) . Because the range of sediment ingestion rates, as well as the range of exposure frequencies, varied significantly, overall risk was calculated using Monte Carlo techniques in an effort to characterize uncertainty in the assumptions used in the risk calculations. The distribution of values for sediment ingestion rates and exposure frequencies varied for each exposure scenario. For example, the distribution of sediment ingestion rates and exposure frequencies for the visitor scenario was based on lower values for these parameters reported in Table 2 whereas the distribution of values for the homeless scenario was based on the higher values in Table 2 . The specific distributions utilized in each evaluation are discussed below and are summarized in Table 3 . Determination of representative sediment concentrations. The pathogen data used in the risk calculations are derived from the sediment samples collected on 10 and 11 July 2006. Mean values for each mudflat were calculated for fecal coliforms, fecal Streptococcus, and Enterococcus. The mean concentrations for fecal Streptococcus and Enterococcus were used to generate risk estimates.
For Giardia and Cryptosporidium, the numbers of discrete organisms per gram of wet sediment were considerably lower than those reported for bacteria. As such, it was necessary to consider the statistics of their distribution throughout the sediment (27) . For this assessment, it was assumed that the representative concentration of the protozoa at each sampling location could be characterized by a Poisson distribution. This assumes that the protozoa are distributed randomly and that in a given volume of sediment (V), the probability that a sample 
Estimates of the mean value were calculated for each location (i.e., expected value). Confidence limits were also derived as described in the work of Haas et al. (27) . Exposure scenarios. (i) Recreator. The recreator scenario is intended to quantify potential risks among individuals who may come into contact with sediment during recreational activities such as swimming. For all pathogens, the route of exposure was assumed to be incidental ingestion of sediment. This approach is consistent with a recent USEPA risk assessment of the Lower Passaic River in which incidental ingestion of sediment was considered to be a complete pathway for recreators (7) . For this scenario, it was assumed that the ingestion rate (milligrams/day) distribution was triangular (minimum ϭ 25, mode ϭ 100, maximum ϭ 200). These values were based on default USEPA soil ingestion value for adolescents and adults of 100 mg (75) . These values are also consistent with default values for sediment ingestion along a shoreline used in the Multimedia Environmental Pollutant Assessment System risk model developed for the U.S. Department of Energy (56) as well as with default values used by the Agency for Toxic Substances and Disease Registry in a sediment risk assessment conducted in Louisiana (1) . In addition, a triangular distribution was also assumed for exposure frequency (days/year) for recreators over the period of 1 year (minimum ϭ 1, mode ϭ 12, maximum ϭ 95).
(ii) Visitor. The visitor exposure scenario is intended to quantify potential risks among individuals who may engage in activities with minimal sediment contact, such as anglers, picnickers, or people collecting trash from the shoreline. It is known that angling occurs at several points along the Lower Passaic River on a regular basis (29, 41, 42) , and USEPA considered this to be a complete pathway in their draft risk assessment of the Lower Passaic River (7). Again, a triangular distribution was assumed for incidental ingestion (mg/day) for adults and adolescents (minimum ϭ 25, mode ϭ 50, maximum ϭ 95). The use of lower values for visitors than for recreators was based on the assumption that a visitor would likely have less opportunity for sediment contact than a recreator. A triangular distribution was also assumed for exposure frequency (days/year) over the period of 1 year (minimum ϭ 1, mode ϭ 2, maximum ϭ 12).
(iii) Homeless person. Homeless people have previously been observed living along the banks of the Passaic River in temporary makeshift shelters (8) . These individuals have been observed by members of the sampling team using discharge from pipes emptying into the river for bathing or washing their belongings. One homeless person was barefoot, and his feet were in direct contact with the sediment. Because fluid was discharging from the pipes, the sediment had a muddy consistency and thereby would have the potential to adhere to the skin. As such, there are ample opportunities for homeless people to come into contact with sediment in the area around the CSOs. This scenario is consistent with the approach utilized in the USEPA's risk assessment of the Lower Passaic River (7) in which a homeless resident was considered a complete exposure pathway. For this scenario, the ingestion rate (mg/day) was assumed to have a triangular distribution (minimum ϭ 25, mode ϭ 200, maximum ϭ 350). These values were extrapolated from the recreator intake rate based on the assumption that homeless people would be exposed to greater amounts of sediment. Much of the distribution lies below the soil ingestion value of 330 mg/day cited by the U.S. Department of Energy Oak Ridge Operations Environmental Management Program for an on-site construction worker/excavation scenario (57) . Based on the assumption that a homeless person would have a greater intake rate than a recreator but a lower intake rate than a construction worker actively working and digging in soil, the mode value of 200 mg/day was considered to be reasonable. A triangular distribution was also assumed for exposure frequency (days/year) over the period of 1 year (minimum ϭ 1, mode ϭ 24, maximum ϭ 150). relationship is expressed as an epidemiological relationship which reflects an implicit incidental water ingestion volume for swimmers, the dose-response relationship was related to sediment ingestion using an estimate of the swimming ingestion value likely to be true during the development of the regression models and the scenario-specific sediment ingestion value. Calculated annualized risks were insensitive (i.e., contributing less than 10% of variance in risk) to the specific swimming incidental ingestion rate assumption used to scale the epidemiologic relationship based on an uncertainty analysis completed for the three scenarios.
The endpoint for fecal Streptococcus or Enterococcus exposure is gastrointestinal illness, and the dose-response relationship is based on the USEPA's 1986 standard of 104 fecal Streptococcus or Enterococcus organisms/100 ml causing 19 illnesses per 1,000 swimmers (58) . The dose-response relationship is described with the following mathematical equation:
Mean enterococcus density ϭ antilog 10 ͑illness rate/1,000 people Ϫ 0.20͒ 12.17
Accounting for the implicit water ingestion rate in the above equation and a scenario-specific sediment ingestion rate, the single exposure and annualized illness rates are calculated as follows: incidental ingestion rate of sediment for scenario (mg/day), IR swim ϭ incidental ingestion rate of water for dose-response regression (ml/day), CF 1 ϭ conversion factor ϭ 100 ml/(100 ml), and CF 2 ϭ conversion factor ϭ 1,000 mg/g. The concentration term is based on the arithmetic mean such that the single-event risk properly characterizes cumulative risk (26) .
(ii) Giardia. For this risk assessment, the health endpoint is Giardia infection. The USEPA's water quality criteria document for Giardia (64) describes a human health risk assessment methodology using a dose-response model developed by Rose et al. (44) : P single ϭ 1 Ϫ exp(ϪrN) and P annual ϭ 1 Ϫ (1 Ϫ P single )
EF . The variables in this model are defined as follows: P single ϭ probability of infection for a single event, P annual ϭ annualized probability of infection, r ϭ fraction of organisms ingested that initiate infection, and N ϭ average number of ingested organisms. The value for r developed by Rose et al. was 0.01982 (95% confidence interval, 0.009798 to 0.03582). This dose-response model was based on the experimental data of Rendtorff (43) , wherein doses of Giardia ranging from 1 to 10 6 cysts were ingested by human volunteers (44) . The r value was also included in the Monte Carlo uncertainty analysis, which assumed an empirical distribution based on likelihood confidence intervals developed by Rose et al. This exponential model assumes that the microorganisms are distributed randomly in a given environmental medium (e.g., sediment) and follow the Poisson distribution (27) . It also assumes that the probability of infection per ingested organism does not vary.
(iii) Cryptosporidium. For Cryptosporidium, the health endpoint of concern is infection with Cryptosporidium. In many cases, infection with Cryptosporidium can result in a clinical disease known as cryptosporidiosis. USEPA's water quality criteria document for Cryptosporidium (60) describes a human health risk assessment methodology that relies upon the same dose-response model developed by Rose et al. (44) for Giardia. Because the value of r in the dose-response model is known to vary by Cryptosporidium strain, a mean value representative of a distribution (i.e., 0.09) was used in this assessment; this value was selected following a review of the literature presented in USEPA's 2006 Long Term 2 Enhanced Surface Water Treatment Rule (62) . The r value was also incorporated into the uncertainty analysis. Similarly to the Giardia model, it was assumed that the microorganisms are distributed randomly in the sediment in a manner consistent with a Poisson distribution (27) . This model also assumes that the probability of infection per ingested organism does not vary.
RESULTS
Microbial concentrations in the sediment. Fecal coliform, fecal Streptococcus, and fecal Enterococcus bacteria were detected in every sediment sample at every location. Mean concentrations are presented in Table 4 . Individual results for total coliform, fecal coliform, E. coli, Pseudomonas aeruginosa, and Staphylococcus aureus are also presented, although risk estimates were not generated for these pathogens (due to the lack of a defined dose-response relationship or the unavailability of precise laboratory results for some bacteria, such as E. coli). It is notable that Basking Ridge, which was originally intended to serve as a "control" location, had bacterial concentrations similar to those measured at the Nairn, Jackson, and Saybrook locations. A detailed reconnaissance to investigate the high concentrations of the Basking Ridge sampling site later revealed the presence of a pumping or booster station believed to be owned by a private utility. It was noted that associated water lines and sanitary sewers were leaking into the river approximately 10 feet from one of the sampling locations. Therefore, due to the presence of an alternative point source of pathogens, the Basking Ridge results were not expressed as "controls," although sampling results and risk estimates are provided for completeness.
Average concentrations of Giardia and Cryptosporidium Table 5 . Giardia was present in three of five (60%) of the samples at Nairn Avenue, both of the samples at Saybrook (100%), and in three of six (50%) of the samples at Jackson Street. None of the samples collected at Basking Ridge contained Giardia cysts. Cryptosporidium was detected in only one sediment sample from the Jackson Street location. It is common for Cryptosporidium organisms to "cluster" together, resulting in uneven distribution throughout the environmental medium (27) . In addition, as discussed previously, sediment samples were analyzed for Cryptosporidium using USEPA method 1623 (69) . USEPA generally requires at least a 13% recovery of a matrix spike sample during routine use of the method (70) . Of the 16 sediment samples, only three had recovery percentages greater than 13%. These particular samples were all from the Nairn location. Because of the low recovery percentages observed for the majority of the sediment samples, it is possible that Cryptosporidium spores were present but were not detected due to analytical issues. This suggests that the presence of Cryptosporidium at the other locations cannot be ruled out.
Antibiotic resistance in bacteria from selected samples. Antibiotic-resistant bacteria were found in both of the samples analyzed for resistance (Table 6 ). Gentamicin-resistant fecal Streptococcus and tetracycline-resistant Enterococcus were found in the sediment from the Nairn Avenue mudflat. Tetracycline-and nitrofurantoin-resistant Pseudomonas and tetracycline-resistant Enterococcus were found in the sediments collected from the Jackson Street mudflat. These results suggest that if a human were to become infected with these resistant bacteria, antibiotic treatment with tetracycline and/or nitrofurantoin would likely be ineffective in addressing the infection.
Risk estimates for exposure to fecal Streptococcus and Enterococcus. In general, risk estimates for Streptococcus and Enterococcus were similar across all locations. For fecal Streptococcus, annualized risk estimates ranged from 0.51 to 0.53 for recreators, from 0.09 to 0.10 for visitors, and from 0.70 to 0.72 for homeless individuals. Risk estimates for Enterococcus were slightly lower, ranging from 0.42 to 0.45 for recreators, approximately 0.07 for visitors, and ranging from 0.62 to 0.64 for the homeless scenario (Table 7) .
Risk estimates for exposure to Giardia. Using the model developed by Rose et al. (44) were developed for Giardia infection. In contrast to the analysis for fecal streptococci/enterococci, which characterizes the risk of gastrointestinal illness, the risk estimates presented for Giardia specifically address the probability of infection. As already discussed, Giardia was detected at the Nairn, Saybrook, and Jackson mudflats but was not found to be present in any of the samples collected at the Basking Ridge control location. The results are presented in Table 7 .
Based upon best estimates of the average concentration of Giardia in the Nairn, Saybrook, and Jackson mudflats, annualized risk estimates for Giardia infection among recreators were 0.29, 0.64, and 0.14, respectively. For visitors, annualized risk estimates for Giardia infection were 0.03, 0.10, and 0.01 for Nairn, Saybrook, and Jackson, respectively, based upon average concentrations of Giardia. The homeless person scenario presented the highest Giardia risks. Average Giardia concentrations of 4.64 cysts/g and 18.35 cysts/g at Nairn and Saybrook, respectively, resulted in annualized risk estimates of 0.56 and 0.87, respectively. At Jackson Street, exposure to an average concentration of 1.62 cysts/g was associated with an annualized probability of infection of 0.30. An example showing the results of 10,000 Monte Carlo iterations of the risk model for the input distribution in Table 3 is provided in Fig. 5 .
Taken together, the risk estimates are orders of magnitude above USEPA's recommended public health goal of no more than one Giardia infection per 10,000 persons (i.e., corresponding to a risk of Յ0.0001) from drinking water exposures (64) . An equivalent metric does not exist for sediment.
Risk estimates for exposure to Cryptosporidium. The estimated risks of Cryptosporidium infection for the three exposure scenarios are presented in Table 7 . Cryptosporidium was detected in one of five (20%) samples at the Jackson Street sampling location. The annualized risk estimate based upon the estimate of central tendency of 1.67 cysts/g was 0.32 for recreators, 0.05 for visitors, and 0.51 for homeless individuals.
Quantitative uncertainty analysis. (i) Fecal Streptococcus/ Enterococcus. For fecal Streptococcus, exposure frequency contributed to 92 to 97% of the total uncertainty across all locations and for all three exposure scenarios. The contribution of ingestion rate for swimmers (IR swim ) used to scale the 1986 USEPA dose-response relationship was similar for the homeless and recreators (2 to 3% across all locations), while for visitors this parameter contributed between 4.7% and 5.4%. The contribution of ingestion rate for sediment was relatively minor, between 1.2% and 1.6% for all scenarios.
For Enterococcus, exposure frequency contributed over 90% of the total uncertainty for visitors, recreators, and homeless individuals across all scenarios. Depending on the scenario, the ingestion rate for swimmers (IR swim ) contributed 3.3 to 11% of total uncertainty across all locations, while the ingestion rate of sediment (IR sed ) ranged from 2.2% to 2.7% across all locations.
(ii) Giardia. For Giardia, the parameter that significantly contributed to the uncertainty in the risk estimates was exposure frequency. Across all locations and scenarios, exposure frequency contributed approximately 25 to 65% to the total uncertainty. The relative contribution of the other factors appeared to be somewhat dependent upon the Giardia concentration. For Saybrook Place, which had the highest expected value, the concentration parameter contributed the least to overall uncertainty (range, 6.7 to 10%, across all scenarios). In a Due to the relatively small sample size, it was not possible to fully characterize the distribution of the protozoan data. Therefore, it was assumed that the data came from a Poisson distribution.
b Ranges reflect upper and lower confidence intervals of the expected values. contrast, for Jackson Street, which had the lowest expected Giardia value, the concentration parameter contributed between 55.3% and 62.4% of the total uncertainty. (iii) Cryptosporidium. For all scenarios, concentration and the r values, which reflect the wide range of infectivity of the various strains, contributed the most to total uncertainty of the risk estimates. For all scenarios, the contribution of the r value for Cryptosporidium contributed 40.9 to 46%. The expected value for Cryptosporidium concentration at Jackson contributed 41.8 to 42.5%, exposure frequency contributed 9.6 to 12.9%, and ingestion rate for sediment contributed 1.6 to 4.9%.
DISCUSSION
The results of this study clearly demonstrate that the sediment samples collected from the Lower Passaic River mudflats near CSOs contained concentrations of bacteria capable of causing gastrointestinal illness. Additionally, Giardia was present in about half of the samples and an additional sample was found to contain Cryptosporidium. The human health risk assessment indicated that there was substantial risk (defined as risk greater than 1 in 10,000) associated with exposure to the Giardia-contaminated sediments at each location. To date, assessments of health risks associated with exposure to pathogens in sediment have been conducted only rarely, the focus appearing to be more on beachgoers (e.g., those visiting the ocean or Great Lakes). Sediment exposure among recreators at and visitors to rivers or smaller lakes has not been described well in the scientific literature (14, 17, 54, 78) . In particular, the risks faced by homeless individuals (who likely have the greatest potential for exposure and who may often rely upon local rivers or lakes for their daily needs) are poorly characterized. Thus, this analysis was intended to determine pathogen concentrations in the sediment of the Lower Passaic River and to estimate health risks associated with exposure via several probable and previously observed exposure scenarios.
Due to the absence of standard approaches for evaluating risk associated with exposure to pathogen-contaminated sediments, a number of assumptions were made which in turn contribute to the overall uncertainty in the analysis. Sources of uncertainty in this analysis include reliance on dose-response relationships derived from media other than sediment, temporal variability of pathogens in sediment, utilization of generic exposure frequencies (rather than site-specific ones), and considerations for human variability in the toxicological response to pathogenic organisms. As discussed previously, exposure frequency was found to be one of the primary contributors to the uncertainty of the risk estimates, particularly for fecal Streptococcus and Enterococcus. While there is evidence that recreational activities such as boating or fishing occur on a fairly regular basis on the river, the impact of factors such as seasonality or tourism has not been well studied in this area. Similarly, although it is likely that homeless individuals would have repeated contact with the river water and sediment, such contact has not been well characterized to date. This risk assessment also relied on the conversion of doseresponse relationships established for pathogen contact or ingestion associated with water or soil. Consequently, many of the primary sources of uncertainty stem from the lack of readily available dose-response or ingestion parameters specific to sediment. However, the approach taken in this risk assessment is consistent with USEPA's guidance for Superfund risk assessments, wherein it is noted that contact with sediment can occur via direct contact, which includes dermal contact and incidental ingestion of sediment, and it is recommended that soil ingestion rates can serve as an acceptable surrogate for sediment ingestion rates when medium-specific ingestion rates are not available (74) .
The temporal variability of pathogen concentrations in the sediment also may contribute to the uncertainty in this assessment. Although the sediment environment (including the population of microorganisms present at any given time) is sensitive to weather incidents or other factors that could significantly alter the flow of water over the sediment, sampling of each mudflat itself was conducted on a single day. It has been estimated that rainfall intensities as low as 0.04 in./h can trigger CSO discharges into the Lower Passaic River area (21) . The National Climatic Data Center reports that rainfall intensities were equal to or exceeded 0.04 in./h on four of the seven days in the week preceding sampling (30) . Five days prior to sampling, rainfall intensities reached 1.17 in./h. It is therefore very likely that CSOs near the Nairn, Saybrook Place, and Jackson Street sampling areas had discharged prior to sampling. Although precipitation events are relatively common during the summer months (when recreators and/or visitors are more likely to be present), it is expected that the overall pathogen load in the sediment and overlying water column attributable to CSOs would vary over time.
Finally, an uncertainty inherent in any microbial risk assessment is the human variability in the response to pathogenic organisms. The factors that ultimately determine whether an individual will experience illness due to infection are complex and depend on both the host (infected person) and the pathogen (Fig. 6) . The occurrence and severity of the health endpoints associated with exposure to pathogenic bacteria and/or protozoa are directly related to the immune status of the exposed individual (50) . It is therefore difficult to accurately predict adverse responses following exposure to pathogenic organisms given that there are a number of immune factors that play a role in determining whether there is any clinical manifestation of disease. In this study, the predicted risk for bacterial exposure, which was based upon a dose-response relationship derived from observed illness rates among swimmers, could potentially be underestimated if the exposed individual is particularly susceptible or immunocompromised. For protozoa, the risk estimate was expressed as a probability of infection. Infection is defined as the colonization of the microorganism in the body and is considered an initial step in the microbial disease process (27) . It is important to emphasize that a high probability of infection may not always lead to illness due to factors such as immune status of the exposed individual or the virulence of the pathogen.
The health outcome generally considered in this risk assessment was gastrointestinal illness, characterized by abdominal pain, diarrhea, vomiting, and in some cases hospitalization. In healthy individuals, symptoms usually last from days to weeks, depending on the organism. However, several of the pathogens addressed in this analysis are capable of causing more serious diseases or developing into chronic conditions. For example, E. coli O157:H7 can also cause hemolytic-uremic syndrome, which is characterized by microangiopathic hemolytic anemia, thrombocytopenia, and renal failure (82 (82) . In a 2002 reassessment of bacterial dose-response data for recreational waters, USEPA also noted that the increasing presence of antibiotic resistance in bacteria may cause a greater number of illnesses to occur at a given concentration than would be predicted using the established dose-response equations (67) . Antibiotic resistance was observed in both samples analyzed in this study. Infections caused by resistant bacteria can be particularly serious for immunocompromised people, children, and the elderly. Resistant strains of pathogenic bacteria ultimately lead to higher health care costs as treatment may often require more-expensive antibiotics in combination with longer hospital stays. While approximately 70% of bacteria causing infections that require people to be hospitalized are resistant to at least one drug (5), 100% of the samples analyzed in this study were resistant to at least one drug. Therefore, the presence of resistant strains of these common pathogens associated with sewage should not be overlooked.
When considering pathogen-related risk in sediment as distinguished from water, an additional pathway that warrants discussion in the context of this assessment is dermal exposure. In this scenario, pathogen exposure could occur if wounds or cuts on the skin come into direct contact with or are submerged in contaminated sediment. This could occur in two ways: (i) an individual (recreator, visitor, or homeless person) received a fresh cut (potentially exposing the blood vessels) while the skin was in contact with the sediment or (ii) a preexisting cut, open wound, or skin abrasion was exposed to contaminated sediment. In either scenario, the exposure route could result in a direct contamination of the skin or a possible systemic infection through the blood. For these health endpoints, pathogens such as group A streptococci would present the greatest hazard (as opposed to the bacteria considered in the quantitative risk assessment, which are primarily associated with gastrointestinal disease). Although Staphylococcus aureus was not detected in this analysis, the presence of Pseudomonas aeruginosa, a microbe capable of causing systemic disease if transmitted into the bloodstream, is notable.
The potential for illness via a dermal pathway could be significant and warrants further study in a separate assessment. An analysis of dermal exposure to pathogens would require a detailed and specific dose-response assessment. The ability of pathogens to penetrate skin and cause infection probably would vary considerably depending on the type and location of the wound and the type of pathogen. During the 10 to 11 July sampling trip, a considerable amount of debris (e.g., metal and broken glass) was noted in the mudflats. It is plausible that an individual could receive a cut from walking barefoot or putting his or her hands into the sediment. With a substantial sediment pathogen load, the risks of infecting that cut could be considerable. Furthermore, homeless individuals living along the shores of the Lower Passaic could have persistent wounds that could be consistently exposed to high concentrations of pathogens.
Lastly, the samples considered in this analysis were collected in mudflats located in close proximity to CSOs (with the exception of samples collected at Basking Ridge). High concentrations of microorganisms that are typically associated with sewage were observed in this analysis, but it is difficult to definitively relate sediment concentrations to CSO discharge events without additional data. Previous studies have demonstrated that CSOs can and do impact the pathogen load in the sediment near the outfall (15, 16, 46, 48, 49, 80) . One important difference between these studies and this analysis is that prior studies usually addressed a single CSO. In contrast, there are 73 CSOs in the Lower Passaic River, and it is likely that a mudflat could be impacted by discharges from multiple CSOs. Recent advances in microbiology and sampling methods, such as DNA fingerprinting techniques, may be useful in addressing this issue in future studies in which samples are collected and compared from both a discharging CSO and the surrounding sediment.
Federal regulatory agencies, particularly the USEPA, have clearly demonstrated that reducing the risk of health effects related to CSO contamination of surface waters is a priority. From a public health perspective, it is important to consider all contaminants, including pathogens, impacting water quality in the area. Water samples collected in and around the Lower Passaic River indicate that pathogens are present at levels that far exceed health-based water quality standards. The present analysis indicates that pathogens are also present in sediments at high levels and that significant health risks are associated with contact with these sediments. Individuals who come into contact with the Lower Passaic River (whether they be recreators, visitors, or homeless persons) may not be aware that they can be exposed to pathogens via sediment contact/ingestion and, consequently, may not take adequate precautions (e.g., hand washing) following contact with sediment. In summary, the results of this study indicate that pathogen-contaminated sediments, particularly those near CSOs, in the Lower Passaic River may pose health risks to individuals using the river for any of a variety of different purposes.
